GROUND-WATER FLOW

Simulating Contaminant Attenuation, Double-Porosity Exchange, and Water Age in Aquifers using MOC3D
MOC3D is a general-purpose computer model developed by the U.S. Geological Survey (USGS) for simulation of three-dimensional solute transport in ground water (Konikow and others, 1996) . The model is an update to the widely used USGS two-dimensional solutetransport model (MOC) and is implemented as an optional "package" for the ground-water flow model MODFLOW (Harbaugh and McDonald, 1996) . Directly coupling the timetested MOC transport algorithms with the widely used MODFLOW program makes MOC3D a powerful tool for simulation of solute transport in ground water in many hydrogeologic settings. The model simulates transport processes that include: MOC3D also accounts for solute sources and sinks associated with a wide range of water sources and sinks. This fact sheet highlights recent extensions to MOC3D (Goode, 1999) for simulation of contaminant attenuation, double-porosity exchange, and water age and provides information on obtaining programs and documentation.
MOC3D -A GENERAL-PURPOSE SOLUTE-TRANSPORT MODEL
MOC3D is an optional package of the USGS finite-difference groundwater flow model (MODFLOW) that solves the solute-transport equation. MODFLOW provides the needed ground-water fluxes and water sink and source rates. In addition to the hydraulic properties required for the flow model, MOC3D requires the user to specify porosity, model-layer thicknesses, initial concentrations, and concentrations in water sources. Diffusion, dispersion, first-order decay, zero-order growth, and retardation can optionally be included. A method-of-characteristics numerical scheme is used in MOC3D that is well suited for advection-dominated transport problems. Such problems are characterized by small dispersivities relative to the plume size, which is typical of many field problems. A recent extension of MOC3D appreciably reduces the computer time required for dispersion-dominated problems (Kipp and others, 1998) .
Application of MOC3D is the third step in a logical sequence of (1) flow, (2) advective-transport, and (3) solute-transport simulation ( fig. 1) . After a flow model is constructed, advective transport can be efficiently examined by particle tracking using MODPATH (Pollock, 1994) . If traveltime results are needed, effective porosity must be specified. Concentrations in the aquifer and in discharges, such as pumping wells, as a result of advection and dilution (mixing) can be simulated by use of MOC3D and specified initial and source concentrations. Optional input on dispersion and reactions allows effects of these processes to be simulated.
Simulation of solute transport with dispersion using MOC3D also can enhance particle-tracking analyses by approximating uncertainty in sourcearea delineation and potential contamination advection. For example, figure 1 shows nine closely spaced pathlines of ground-water flow from a continuous source of contamination after 20 years calculated using MODFLOW and MODPATH. The dispersed plume from the same source location simulated using MOC3D can be interpreted as the probability that the contaminant will be detected at each location within 20 years. The dispersion coefficient approximately accounts for the uncertainty in predicted flowpaths caused by imperfect knowledge of aquifer properties, recharge rates, stream levels, and other factors. Although the monitoring wells in the example do not intercept the deterministic flowpath from MOD-PATH, the probabilistic simulation from MOC3D shows that one monitoring well has a significant chance of detecting the actual unknown contaminant migration. Detailed field characterization can reduce uncertainties and sharpen the contaminant occurrence probability map. Similar approaches can be used to delineate probabilistic source areas (capture zones) for pumping wells using MOC3D.
ATTENUATION OF CONTAMINANTS IN AQUIFERS HAVING SPATIALLY VARIABLE GEOCHEMISTRY
Natural attenuation refers to ongoing hydrologic, geochemical, and biologic processes that mitigate contaminant spread in aquifers. For example, many components of gasoline are known to dissipate in aquifers because of biodegradation; these organic chemicals are converted to other organics and ultimately to carbon dioxide and water. The rates of these reactions, however, may or may not be sufficient to limit spread, depending on the ground-water velocity and site-specific biogeochemistry (for example, Landmeyer and others, 1998) .
Many biodegradation reactions are sensitive to redox (oxidation-reduction) geochemical conditions that can vary with time and over short distances. Generally, simulation of reactive solute transport requires many biogeochemical parameters and substantial computations to account for complex solute interactions. An alternative, approximate approach that requires fewer input parameters and less computer time is to simulate the transport of each solute separately and to account for solute interactions by adjusting decay and growth/loss rates. Recent extensions to MOC3D (Goode, 1999) allow reaction-rate coefficients to vary with time and to vary by model cell. Although this approach cannot account for all solute interactions that may be important for natural attenuation, this approximation may be appropriate for some field situations, especially where site-specific information about reaction kinetics is incomplete or not available.
An illustrative simulation uses time-and space-varying decay coefficients to approximate biodegradation of benzene at the Laurel Bay, S.C., research site (Landmeyer and others, 1998) . Benzene attenuation depends on decay rates that are generally higher in aerobic (oxygen rich) zones and lower in anaerobic (zero oxygen) zones ( fig. 2 ). Furthermore, anaerobic biodegradation rates are dependent on the specific terminal-electron-acceptingprocess (TEAP) controlling the redox state. Methyl tert-butyl ether (MTBE) is another gasoline-derived contaminant (B) and (C), the 1998 color maps range from 0 to 10,000 parts per billion (ppb); contours show 100, 1,000, and 10,000 ppb concentration levels. in ground water at this site, but it is essentially non-reactive during transport. The source concentrations are the same for both contaminants, so differences in the simulated concentrations are caused by differences in the decay coefficients: 0.0 for MTBE and varying from 0.0005 to 0.1 per day for benzene, depending on the redox conditions. Fast aerobic degradation is taking place outside the illustrated anaerobic TEAP zones, except at early time when the microbes are assumed to be in low concentrations. As oxygen is consumed, the area of anaerobic redox conditions spreads, as illustrated by the differences between the 1994 and 1998 zones ( fig. 2a ). Degradation rates are lower in the iron and sulfate reduction zones than in the aerobic zone and are lowest in the methanogenic (carbon dioxide) TEAP zones. MOC3D simulation with temporally and spatially varying decay coefficients realistically approximates the extent of benzene migration observed at the site, which can not be simulated successfully by use of a single decay coefficient.
ADDITIONAL SITE STUDIES INFORMATION
DOUBLE-POROSITY EXCHANGE: MATRIX DIFFUSION IN FRACTURED ROCK
A recent extension to MOC3D (Goode, 1999) incorporates the effects of diffusive exchange between mobile and immobile water on solute concentrations. In fractured-rock systems, such as crystalline rocks at the USGS Mirror Lake, N.H., research site (Shapiro and others, 1995) , diffusive exchange between flowing water in open fractures and immobile (or nearly immobile) water in partly filled fractures and rock matrix ("matrix diffusion") may appreciably alter contaminant concentrations. The effective porosity of the open fractures corresponds to the aperture or separation of the fracture and is typically much less than 1 percent of the aquifer vol-ume. Although it does not contribute appreciably to ground-water flow, the porosity within the low-permeability rock matrix and partly filled fractures may be a substantial reservoir for solute mass.
The double-porosity exchange capabilities of MOC3D can be used to quantify the effects of matrix diffusion on chlorofluorocarbon (CFC) concentrations (or other, higher-concentration contaminants) in fractured-rock aquifers. Increasing atmospheric CFC concentrations have resulted in increasing concentrations of CFC's in groundwater recharge. The rate at which CFC's in ground water increase depends on transport properties such as flow rates and effective porosity. Hence, comparison of simulated and measured CFC concentrations can help identify these transport properties. If the rate of matrix diffusion from the water flowing in the open fractures into low-permeability zones is fast enough, the apparent effective porosity of the aquifer, based on CFC concentrations, is that of the open fractures and the immobile zones combined ( fig. 3 ). As illustrated, matrix diffusion can reduce contaminant concentrations in fractured-rock aquifers in which the effective porosity of the fractures is small and the rate of diffusive exchange is as fast, or faster, than transport in the fractures. 
MODEL COMPATIBILITY AND AVAILABILITY
MOC3D is written in Fortran 77 and runs on a variety of computer platforms, including personal computers. Documentation of MOC3D is available in a series of USGS reports (Konikow and others, 1996; Kipp and others, 1998; Goode, 1999 Future extensions to MOC3D will be posted as they become available. These Web sites also have links to related USGS ground-water modeling programs, including a graphical user-interface for MODFLOW and MOC3D .
The USGS Office of Ground Water Web site at http://water.usgs.gov/public/ogw includes information on many tools for quantitative hydrogeologic analyses.
FOR MORE INFORMATION
